is study presents the vibration transfer characteristics and the vibration absorption power distribution of the specific working condition of a portable pneumatic extinguisher. A hand-transmitted vibration biomechanical model of the hand-arm system was developed. Using a vibration test platform, the model parameters were derived simultaneously, and the driving-point mechanical impedance and distributed vibration transmissibility were measured. e vibration transmissibility of the wrist, forearm, and upper arm measured by the model was compared with the measured data of a 6MF-30 portable pneumatic extinguisher. e vibration power absorption distributions were estimated by the model and were compared with the actual vibration power absorption distributions at 3400 r/min, 5000 r/min, and 7000 r/min, respectively. e results showed that the predicted response of the model agreed well with the measured data in distribution, total impedance, and phase and can accurately fit the response curve of hand-transmitted vibration. is study discussed the vibration response of the hand-arm in the operation of the portable pneumatic extinguisher from the view of biomechanics. e analyses confirmed that the proposed model can be used as an effective tool for predicting the vibration responses of the hand-arm during the operation of a portable pneumatic extinguisher.
Introduction
A portable pneumatic extinguisher is a typical low-intensity fire extinguishing equipment for the forest fire in China, which is widely equipped in forest firefighting forces and forestry bureaus [1, 2] . A blower drives the wind wheel to produce high-speed steam flow through a two-stroke gasoline engine, and then flames were blown out [3] . e flame retardant gas, such as carbon dioxide, is expanded by the gasoline combustion and is moved toward the object with the wind, which achieves the effect of separating oxygen and extinguishing fire. Hand-transmitted vibration (HTV) is a phenomenon that vibration is transmitted to the hand or arm system through the handle of a device, which is commonly found in the operation of small handheld vibration devices, such as portable pneumatic extinguisher. Epidemiological studies have shown that prolonged occupational exposure to HTV resulted in the hand-arm vibration syndrome (HAVS), such as vibration-induced white fingers (VWF) [4, 5] .
e biomechanical response of HTV is greatly different due to the influence of posture and hand forces, which poses a challenge to the development of the mechanical equivalent model of HTV. ese differences are influenced by the body shape and experimental conditions. Extensive experimental studies on HTV have been further called upon to enhance our knowledge on the assessment of vibration exposure. Existing international guidelines (ISO 5349-1 [6] ) neglect the effect of posture and hand forces and could not adequately predict the biomechanical response of HTV. Extensive experimental studies on HTV have been published, but analytical models of the handarm have mostly been limited to lump parameter models [7] due to the complexity of the hand-arm system, which is a nonuniform, nonlinear, anisotropic, and composite system. e grip forces of the handle and the posture of the operating equipment had a great influence on the drivingpoint mechanical impedance (DPMI) of the arm system [8] .
e perceived intensity produced by the vibration applied to the hand is tied to the magnitude, frequency, and direction of the vibration [9] . e majority of the reported lumpedparameter hand-arm models [10] [11] [12] were derived from DPMI responses and considered the fingers, palm, and hand-arm posture, but the body structure and anthropometric data were neglectful. Dong et al. [12] developed a fivedegrees-of-freedom model for analyzing the vibration power flow and the distribution of vibration power absorption in the human arm system exposed to hand-transmitted vibration. In order to identify the model parameters, four different hand force combinations were used to measure the mechanical impedance data of the two driving points on the finger and palm. e model took into account the quality of the main structure while ignored the angle of rotation of the human arm. In addition, Knez et al. [13] established a detailed mechanical model based on biodynamic finger measurements to simulate the accurate response of a single finger, and the sequentially measured responses of the different finger parts were used to identify the parameters of a multibody mechanical model of the index finger.
Due to the observed discrepancy between epidemiological studies and hand-arm injury assessment based on ISO 5349-1 (2001) guidelines, vibration power absorption (VPA) distribution has been proposed. VPA distribution in the hand and arm substructures and VPA-based frequency weightings for different hand-arm substructures can be obtained by the hand-arm model. Dong et al. [12] analyzed the vibration power flow and the VPA distribution in the major parts of the system exposed to HTV, including the fingers, palm-hand-wrist, forearm, upper arm, and shoulder. Marchetti et al. [14] investigated the vibration transmissibility (VT) of the elbow along the forearm direction as a function of hand grip force, confirmed that the hand grip force has a large influence on the elbow vibration response, and also found that there is significant resonance in the two frequency ranges along the forearm direction. Adewusi et al. [15] presented distributed VPA of different hand-arm substructures in the bent arm and extended arm postures due to z h -axis broadband random and typical power tool excitations.
e VPA distribution analysis could provide more effective means for predicting various vibration-induced disorders. VPA is very important for predicting damage risk of vibration to arm system, but the measurement of VPA is very complex. e force of handheld vibration equipment is sometimes difficult to measure because it is constantly changing, but the vibration of the handle can be easily simulated in the laboratory [11] . Although the VPA can be obtained indirectly from the impedance response of the driving point, the mechanical equivalent model of the arm system is needed to determine the VPA of the arm system with different substructures, and different types of arm models show great differences. Some national standards have no clear requirements for the posture of operating equipment. It is necessary to use ergonomics to determine the posture of operating equipment and to utilize the human arm model established to evaluate the vibration energy absorbed during the operation of wind fire extinguishers.
is study analyses the mechanical characteristics of the hand-arm system based on the force relationship and presents the balance equation of the hand-arm system according to the biodynamic characteristics and the dynamic balance state of the hand-arm during the vibration. e equivalent mechanical model of the hand-arm with five degrees of freedom is developed, and the vibration testing platform is set up to measure the vibration acceleration data.
e parameters of the model are identified through parameter identification.
e response of driving-point impedance and VT is obtained, and the VPA distribution of different hand-arm parts is estimated, which provides a basis for the measurement of distributed vibration energy absorption.
Modeling

Model of the Hand-Arm System.
e methods for constructing the model of a system generally include the forward dynamic approach, the inverse dynamic approach, and the hybrid forward and reverse approach in engineering. e forward dynamic approach is generally applicable to the dynamic properties of the system that can be directly measured and used in the model to predict dynamic responses. e inverse dynamic approach, or hybrid forward and reverse approach, is usually applied to the study which is difficult to directly measure the biodynamic properties of living human subjects [16] [17] [18] . Considering the difficulty of direct measurement, this study used the inverse dynamics approach based on frequency response function to develop the human hand-arm model in order to estimate the biodynamic characteristics of the model. A number of studies have proposed a set of standards to guide the development of human vibration models [18] .
is study utilized the standard to guide the development of the model. Portable pneumatic extinguisher operators take a posture with a 90°elbow angle and 0 abduction angle. erefore, it is necessary to establish a hand-arm system biomechanical model with a bent arm, in order to study the biodynamic characteristics of the hand-transmitted vibration when operating a portable pneumatic extinguisher. e hand-arm system biomechanical model for the common operational posture of the portable pneumatic extinguisher is shown in Figure 1 . It is a five-degrees-of-freedom model consisting of masses, springs, and dampers. e structures of the forearm and upper arm (Figure 1(b) ) of the model adopt the biomechanical model of the hand-arm system with a 90°elbow angle [19] . e strong coupling between the hand-arm and whole-body vibrations is not regarded due to the relatively static condition of the shoulder joint during the operation of the portable pneumatic extinguisher. e palm structure of the model uses the palm structure (Figure 1(a) ) [10] , in order to describe the vibration power absorption characteristics of the palm. is model consists of six mass elements: m 1 for the fingers' bone, m 2 for the palm bone, m 3 for the fingers' skin, m 4 for the wrist skin, m 5 for the forearm, and m 6 for the upper arm. Dampers (c 1 , c 2 , c 3 , c 4 , c 5 , c 6 , C 1 , and C 2 ) and 
Equation (1) is simpli ed as follows:
where [M], [C], and [K] are the (5 × 5) mass, damping, and sti ness matrices, respectively, and F z is the (5 × 1) force vector.
Biodynamic Response Analyses of the Models.
VT is a parameter that the attenuation characteristics of the handarm joint part are relative to the vibration source. Vibration acceleration data at the wrist, forearm, and upper arm are collected in the experiment. Based on the data, the VT of di erent joints can be obtained. e VTof the di erent joints is expressed as
where Z(jω) is the displacement amplitude value of different joint parts of the hand-arm and Z hh (jω) is the displacement amplitude value of the vibration source. e driving-point mechanical impedance (DPMI) is the parameter that characterizes the obstruction and absorption
Figure 1: e hand-arm system biomechanical model with elbow bending.
Shock and Vibrationof vibration by mechanical structures. At the same frequency, the driving-point impedance can be expressed as
where F(jω) is the vibration source and V(jω) is the complex number of vibration velocity. e magnitude of the DPMI depends on the amplitude of F(jω), V(jω), and their mutual phase relationship. When F(jω) and V(jω) are in phase, the impedance value is the largest. e value of the impedance consists of the real part and the imaginary part. When the phase relationship is known, accurate amplitude values and phase values can be given. e DPMI is generally generated on the fingers and palm sides of the handle. e DPMI at the fingers can be expressed as DPMI 1 (jω):
e DPMI at the palm sides of the handle can be expressed as DPMI 2 (jω):
e total impedance of the hand-arm system is the sum of DPMI 1 (jω) and DPMI 2 (jω):
Distributed VPA refers to the vibration power absorption at each joint of the hand-arm during the operation of handheld vibration equipment, which is generated by the vibration source.
e distributed VPA can be obtained according to the force F(jω) at the handle and the vibration speed V(jω). Because DPMI has a mathematical relationship with F(jω) and V(jω), the distributed VPA can be obtained from DPMI and V(jω), which is expressed as [15] 
where f is the frequency in Hz. In addition, the energy absorbed by each of the substructure damping elements can be used to estimate the arm system VPA [15] because other components do not absorb energy. It is expressed as
where f is the vibration frequency, Δv k (f) and ΔΩ(f) are relative translational and rotational rms velocities across the damping element at joint k, respectively, and c k and C k are the linear and rotational damping coefficients at joint k.
Experimental
Test Platform Experiment.
e experiments were carried out indoors for the quiet and suitable experimental conditions. An electrodynamic exciter was used to simulate a random broadband white noise signal with a fixed frequency band range. In the experiment, the subjects were asked to simulate the posture of firefighting task. e metal handle of a portable pneumatic extinguisher was simulated with the cylindrical aluminum handle [19] . Two accelerometers for measuring the grip force were installed inside the handle, and the other two accelerometers for measuring the push force were installed between the handle bracket and the exciter. e subjects' elbow joint were required to be controlled around 90°(80°-100°) elbow angle. During the experiments, their arms could not touch their body to ensure the accuracy of the experimental data. When using the portable pneumatic extinguisher, the 30 N grip force and 50 N push force are the most comfortable hand forces. us in the experiment the hand force of the subjects should be kept as constant as possible. e force detection software was used to detect the current change of the force. e grip force and the push force of the subjects were displayed on the computer to keep the force close to the expected value range. PCB 356B08 is an instrument for measuring triaxis vibration acceleration. Triaxis accelerometers were fixed in the upper arm, forearm, and wrist to measure the acceleration of three parts. NEC Sanei Instruments' Omniace II RA1100 (NEC RA1100) is an instrument that accurately measures voltage, vibration, frequency, temperature, and logic signals directly. It is connected to a three-axis accelerometer for data collection. e experiment of each subject was conducted three times. Simultaneously, the subjects were advised to keep identical posture and hand force during each experiment for the sake of reducing errors. Figure 2 illustrates the operating posture of the experiment. e vibration test platform was built to identify the parameters of the model. Six young healthy male subjects participated in this experiment. None of the subjects had a history of muscular or arm bone injuries and diseases. None of them was engaged in exposure to vibration-related work. Before participating in this experiment, each subject signed informed consent. Table 1 summarizes the anthropometric data of six subjects.
e 6MF-30 Portable Pneumatic Extinguisher Experiment.
e 6MF-30 portable pneumatic extinguisher is widely employed in Chinese forest firefighting. e rotating speed range of the two-stroke gasoline engine is in the range of 3400-13000 r/min. Laboratory experiments were performed with a 6MF-30 portable pneumatic extinguisher, as shown in Figure 3 . e effects of operational posture and hand force on hand-transmitted vibration transmission characteristics were studied in the experiments. PCB 356B08 triaxis accelerometers were attached on the front handle, rear handle, and midpoint of air duct, in order to measure the vibration along the axis. NEC RA1100 was utilized to collect data. e sampling frequency was 1000 Hz, and the sampling time was 8 s each time [20] . e measurements were obtained for three rotary speed designated as 3400 r/min, 5000 r/min, and 7000 r/min. e force level of 30 N grip force and 50 N push force was applied by the subjects, while maintaining around 90°( 80°-100°) elbow angle.
e subjects held the 6MF-30 portable pneumatic extinguisher with feet the same width as shoulders. Simulated fire source 1 meter ahead of the subjects was assigned. e data were begun to record when the rotary speed was stable. Six young healthy male subjects were called upon to repeat the test to ensure the accuracy of the experimental data.
Determination of the Model Parameters
Parameter Identification Method and Results.
e equivalent mechanical model of hand-arm for hand-transmitted vibration corresponding to the bent arm postures involves identification of 16 parameters. e parameter vectors χ for the bent-arm models, comprising mass and viscoelastic parameters, are given by
(11) GB10000 [21] provides the relevant weight and upper arm and forearm length of adult males. e size of the arm segment is estimated based on the reported anthropometric data [22] . In GB10000, the weight of most adult males is 78 kg, and the length of the forearm and upper arm were 26.9 cm and 35.0 cm, respectively. e average body weight of 0.65%, 1.9%, and 3.3% is the estimated mass of the hand m h , forearm m 5 , and upper arm m 6 , respectively [18] . Table 2 summarizes the standard anthropometric parameters.
e method to identify the parameters in the model is to use MATLAB to constrain multiobjective optimization of a large amount of data measured by using the vibration experimental test platform. In the system identification, the force and posture of the hand-arm have a significant impact on the biomechanical response of the vibration. In order to determine the model parameters, VT was measured under experimental conditions. e model parameters are given in the difference between the measured data and the model response. e parameter is as indicated in equation (9) . Error E(χ) is expressed as [19] 
where α 1 is the weighting function of the transmission rate error function and α 2 is the weighting constant of the impedance error function. E zp is the squared error of the transfer rate of the wrist, forearm, and upper arm, and E DPMI is the squared error of the DPMI.
Finally, E(χ) is expressed as Table1: e anthropometric data of subjects. Shock and Vibration
In the above objective function, the wrist, forearm, and the upper arm of measuring the VT of amplitude and phase are represented by
, and ϕ 3 (ω r ). e wrist, forearm, and upper arm according to the model to calculate the VT of the amplitude and phase are represented by T 11 (ω r ), ϕ 11 (ω r ), T 22 (ω r ), ϕ 22 (ω r ), T 33 (ω r ), and ϕ 33 (ω r ).
e measured DPMI amplitude and phase are represented by DPMI(ω r ) and φ(ω r ), and DPMI 1 (ω r ) and φ 1 (ω r ) represent the DPMI amplitude and phase calculated from the model, respectively. e parameters are summarized in Table 3 .
Feasibility of Identification Results.
e comparisons between the measured hand-arm responses from the test platform (designated "Measured") and the model-obtained responses (designated "Modeled") are shown in Figure 4 . Figure 4 presents the VT for different sets of measurements (wrist, forearm, and upper arm). e frequency range of the majority of handheld tools is below 500 Hz [18] , and the low frequency of the portable pneumatic extinguisher is about 2.5 Hz.
erefore, this study only analyzes the frequency range from 2.5 to 500 Hz.
e comparison results show that the modeled VTs of the wrist, forearm, and upper arm agree well with the measured VTs when the frequency is less than 100 Hz, but the measured VTs have many fluctuations above 100 Hz, while the modeled VTs are smooth. As shown in Table 3 , the value of the parameter k 6 identified by minimizing an error function is very small. Figure 4 suggests that the cutting frequency is very low by analyzing the vibration transmissibility at the upper arm.
ese situations may be caused by the fact that the human body is equated to a fixation point and the sway of the trunk is ignored in the establishment of the fivedegree-of-freedom model. As a whole, the VT data obtained by the established arm model are very close to the target responses. erefore, it is possible to identify the model parameters from the vibration acceleration data measured by using the platform. e goodness of fit [23, 24] can be used to quantitatively evaluate the fit of the arm model to the hand-transmitted VT data. e calculation formula is shown as
where ε (goodness of fit) represents how much the two curves overlap, τ m represents the VT data of "Measured," τ c represents the VT data of "Modeled," and n represents the number of samples. e closer ε to 100%, the better the fit of the two curves. e goodness of fit of different sets between the Measured and the Modeled are listed in Table 4 . e goodness of fit of VT curves between the Measured and the Modeled at the wrist and forearm are near 95%, indicating that the trend of the curves is more consistent. e goodness of fit of VT curves between the Measured and the Modeled at the upper arm is close to 80%, demonstrating that the curve trend is good.
e results show that the biomechanical model of hand-transmitted vibration is reasonable in the frequency range of 2.5-500 Hz. Shock and Vibration 7
Results and Discussion
Vibration Transmissibility Comparison.
e comparisons between the measured hand-arm responses from the 6MF-30 portable pneumatic extinguisher (designated "6MF-30 Measured") and the model-obtained responses (designated "Modeled") are shown in Figure 5 . Figure 5 shows the comparison results of VT of the wrist, forearm, and upper arm under 5000 r/min operating mode.
As shown in Figure 6 , the VT curves of the model change smoothly, and the measured data of the 6MF-30 portable pneumatic extinguisher uctuate in a highfrequency band. At the wrist, forearm, and upper arm, the Modeled and the 6MF-30 Measured curves peak around 20 Hz, while the peak curves of the 6MF-30 Measured has a certain attenuation. As can be seen from Table 5 , at the wrist and forearm, the goodness of t of curves is close to 90% and the goodness of t of curves is close to 80% at the upper arm. In summary, the VT obtained by the model is consistent with the trend by the portable pneumatic extinguisher. e model is reasonable and has a good evaluation e ect on the hand-transmitted vibration of portable wind re extinguishers in the frequency range of 2.5-500 Hz. 
Vibration Power Absorption Comparison.
In the vibration situation of the 6MF-30 portable pneumatic extinguisher, the actual VPA can be calculated by DPMI when it runs at 3400 r/min, 5000 r/min, and 7000 r/min, respectively. e mass and linear stiffness do not absorb energy, while only the damping constant absorbs energy. erefore, the total energy absorbed during the operation of the portable pneumatic extinguisher can be calculated according to the damping coefficient, as shown in Figure 6 . Table 6 shows the goodness of fit between the measured VPA and the modeled VPA. e range of the goodness of fit is from 82% to 85%. e results show that the calculated VPA distribution of the model agrees well with the VPA distributions of the portable pneumatic extinguisher. In summary, the calculated VPA distribution has good consistency with the measured VPA distribution, while there are still large errors in the low-frequency part.
Conclusions
e hand-transmitted vibration biomechanical model of the human hand-arm was developed using the inverse dynamics approach, considering the conventional operating posture of the 6MF-30 portable pneumatic extinguisher. Experiments and analyses were conducted to evaluate the developed model. e parameters of the model were derived by the vibration acceleration data of the wrist, forearm, and upper arm measured by using the standard vibration test platform, in terms of combined impedance and transmissibility responses.
By calculating the goodness of fit, the coincidence of the vibration transmission curve between the hand-arm model and the measured one by using the 6MF-30 portable pneumatic extinguisher at the wrist, forearm, and upper arm is from 80% to 90%, which indicates that the trend of the vibration transmission curve was more consistent. e VPA distribution of different hand-arm joints was estimated using the hand-transmitted vibration biomechanical model of the hand-arm system in the bent-arm posture, derived from impedance and transmissibility responses. And the VPA distribution of the hand-arm when using the 6MF-30 portable pneumatic extinguisher was also estimated. e results showed that the hand-arm model resulted a very good agreement with the model and the measured responses.
e results showed that the developed handtransmitted vibration biomechanical model was accurate and reasonable in the frequency range of 2.5-500 Hz and can be used to predict the hand-transmitted vibration of the 6MF-30 portable pneumatic extinguisher.
ese observations suggest that the developed model was acceptable at least for the prediction of the basic trends of the hand-arm system responses. erefore, this model can be used to explore and evaluate engineering methods for vibration exposure during the operation of the 6MF-30 portable pneumatic extinguisher.
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